Wnt signaling has been classified as canonical Wnt/b-catenin-dependent or non-canonical planar cell polarity (PCP) pathway. Misregulation of either pathway is linked mainly to cancer or neural tube defects (NTDs), respectively. Both pathways seem to antagonize each other, and recent studies have implicated a number of molecular switches that activate one pathway while simultaneously inhibiting the other thereby partially mediating this antagonism. The lipoprotein receptor -related protein Lrp6 is crucial for the activation of the Wnt/b-catenin pathway, but its function in Wnt/PCP signaling remains largely unknown. In this study, we investigate the role of Lrp6 as a molecular switch between both Wnt pathways in a novel ENU mouse mutant of Lrp6 (Skax26 m1Jus ) and in human NTDs. We demonstrate that Skax26 m1Jus represents a hypermorphic allele of Lrp6 with increased Wnt canonical and abolished PCP-induced JNK activities. We also show that Lrp6
INTRODUCTION
Wnt signaling plays key roles in regulating various aspects of embryonic development from embryo patterning and cell specification, to regulation of cell movements and tissue polarity (1) . Binding of the Wnt ligand to a cell surface receptor can stimulate a range of intracellular signaling pathways, of which the two best studied are the canonical Wnt/b-catenin-dependent pathway and the non-canonical planar cell polarity (PCP) pathway (1, 2) . In the canonical pathway, Wnt binds to Frizzled (Fz) receptor and the lipoprotein receptor-related protein (LRP)-5/6 to induce their clustering on Dishevelled (Dvl) and to form endocytic '(LRP)-5/6 signalosomes'. These complexes then destabilize the b-catenin destruction complex that constitutively targets b-catenin for polyubiquitination and degradation in the proteasome. When the b-catenin destruction complex is destabilized, b-catenin accumulates in the nucleus, where it binds to members of TCF/LEF-1 transcription factor family, preventing their repression of gene transcription and functioning as a transcription co-activator (1, 2) . The Wnt/b-catenin pathway has a crucial role in mediating cell proliferation and cell fate determination during development, and defects in this pathway have been strongly associated with many types of cancer in humans (1) The canonical Wnt/b-catenin pathway shares the Fz receptors and the scaffolding proteins (Dvl) with the non-canonical Wnt/ PCP signaling pathway (1) . The latter regulates the process of PCP by which cells become polarized in the plane of an epithelium (3) . PCP signaling has been well studied in the adult wing hairs and ommatidia (eye units) in Drosophila and includes a group of 'core' PCP genes including fz, dsh and vang gogh/strabismus (vang/stbm) (3) . Downstream effectors of this pathway include the small GTPases of the RhoA family and JNK that upon activation lead to a variety of cellular responses including cytoskeletal rearrangements (4) . In vertebrates, PCP signaling controls the morphogenetic process of convergent extension (CE) during gastrulation and neurulation (5, 6 ). This pathway is highly dosage sensitive where over-or under-expression of PCP genes in zebrafish and Xenopus lead to CE defects (7, 8) . Studies in animal models and human cohorts have strongly implicated the non-canonical Wnt/PCP signaling pathway in the pathogenesis of neural tube defects (NTDs) (9 -11) .
NTDs represent a group of very common congenital malformations in humans, affecting 1-2 infants per 1000 births. They are caused by a partial or complete failure of neural tube closure during embryogenesis and can occur at any level along the rostrocaudal axis (9) . The most common forms of NTDs are referred to as open NTDs and include anencephaly and myelomeningocele (spina bifida), which result from the failure of fusion in the cranial and spinal region of the neural tube, respectively (9) . A number of skin-covered (closed) NTDs are categorized clinically depending on the presence (including lipomyeloschisis, lipomyelomeningocele and meningocele) or absence of a subcutaneous mass (including dermal sinus and caudal agenesis) (12) . Population and family studies indicate a complex etiology to NTDs involving environmental and genetic factors. To date, the number, identity and relative contribution of such genes to NTDs remain largely unknown (9, 10) .
Both Wnt pathways seem to antagonize each other, and inhibiting one will simultaneously activate the other (2) . The direction of Wnt signaling and this antagonistic crosstalk are highly dependent on cellular context and on the presence of an intricate and large network of Wnt receptors, co-receptors and regulators (2) . Recent studies have identified a group of 'molecular switches' that act on both pathways simultaneously (2, (13) (14) (15) . For example, while Lrp5 or Lrp6 is crucial for the activation of the Wnt/b-catenin canonical pathway, it was shown in Xenopus that it could simultaneously inhibit the non-canonical pathway (16, 17) . Lrp6 is a type I single-span transmembrane protein that belongs to the LDL receptor (LDLR) family, which has diverse roles in metabolism and development (18) . It consists of four YWTD b-propeller domains that are each followed by an EGF-like domain, followed by three LDLR type A repeats, a transmembrane domain and a short intracellular domain (18) . Complete inactivation of Lrp6 in mouse generated multiple defects in many organs including eye, limb, heart, neural tube and brain and causes perinatal mortality (19, 20) . A spontaneous Lrp6 rs allele caused skeletal malformations, osteoporosis and spina bifida (21) whereas two hypermorphic alleles, one ENU induced (Lrp6 Gw ) (22) and one spontaneous (Lrp6 Cd ), caused a reduced forebrain size or exencephaly, respectively (22, 23) . Although the role of Lrp6 in Wnt/b-catenin signaling during development is well established, its role in the PCP pathway remains poorly defined.
Here, we conducted in vivo and in vitro studies in mouse and in cell lines to further investigate the role of Lrp6 as a molecular switch between both Wnt pathways in neural tube closure. We characterized a new ENU hypermorphic allele of Lrp6, Skax26 m1Jus , that demonstrated an inhibitory role of Lrp6 in PCP signaling as manifested by an increased Wnt canonical activity and abolished PCP-induced JNK activity. We showed that Lrp6
Skax26-Jus genetically interacts with a PCP mutant Vangl2
Lp in PCP signaling in neural tube closure and planar polarity of the inner ear hair cells. Also importantly, our study demonstrates the association of rare and novel mutations in LRP6 with human NTDs. Particularly, we show that three of these mutations caused a reduced Wnt canonical activity and enhanced PCP signaling, thereby confirming a dosage effect of LRP6 in PCP signaling in neurulation.
RESULTS

Cloning of the gene mutated in Skax26 m1Jus
Skax26 m1Jus (MGI: 3577510) was identified as a recessive ENU mouse mutant with a homozygous kinky/looped tail phenotype at the Mouse Mutagenesis and Phenotyping Center for Developmental Defects in Texas Medical Center in Houston. This mutant was generated on a mixed C57BL/6J; 129S6/SvEvTac genetic background as part of the chromosome 4 balancer mutagenesis screens (24) . G3 mutants from this line were archived as frozen sperm and were consequently recovered at The Jackson Laboratory by using the Assisted In Vitro Fertilization method. A total of two female and five male mice with a normal appearance were generated. To expand the Skax26 m1Jus mutant line, these seven founder mice were backcrossed with 129S6/SvEvTac for one generation (backcross 1) followed by four generations of brother-sister mating. A total of 112 N1F1-N1F4 mice were obtained including 11 mice with a kinky/looped tail that were used for subsequent genetic mapping studies.
To map the gene defective in Skax26 m1Jus , mice with a kinky/ looped tail phenotype were subjected to 3 additional consecutive backcrosses to 129S6/SvEvTac combined with brother-sister matings at each backcross to recover the tail phenotype. A total of 37 mice were genotyped with 149 single nucleotide polymorphisms (SNPs) distributed across the genome and that were informative for both C57BL/6J; 129S6/SvEvTac strains. Homozygosity mapping identified one SNP rs13479079 located at 140.1 Mb at the telomeric end of chromosome 6 that was homozygous for the C57BL/6J allele in 84% of genotyped mutant mice (Fig. 1A) . To fine map this candidate region, we conducted additional genotyping of the same 37 mutant mice with 16 informative SNPs spanning a 23.4-Mb region defined by rs6200835 at 125.7 Mb and rs30113154 at 149.1 Mb at the telomeric end of chromosome 6. Haplotype analysis identified a homozygous region spanning rs3023102 and rs4226339 (haplotypes1 to 6) and segregating with the phenotype in 86% of genotyped mice (32/37) (Fig. 1B) . Importantly, we detected one crossover (haplotype 7) that would place the gene responsible for the Skax26 m1Jus phenotype centromeric to rs3023102 at 135.3 Mb (Fig. 1B) 
/Skax26
m1Jus that was absent in parental strains, C57BL/6 and 129S6SvEvTac, and in 30 other inbred strains (Fig. 1C) . This mutation leads to p.Ile681Arg that resides in the third b-propeller domain in the extracellular part of the protein. Ile681 is highly conserved across vertebrates where it is only replaced by valine in frog Lrp6 and by phenylalanine in fly Arrow (Fig. 1D) . While a change to valine or phenylalanine preserves the hydrophobic nature of isoleucine, the change to arginine in Skax26 m1Jus is not conservative as it introduces a positive charge and a hydrophilic residue at this otherwise neutral position.
Genotype -phenotype studies were next conducted to assess the penetrance of the Lrp6 Skax26-Jus p.Ile681Arg mutation. A total of 112 N1F1-N1F4 mice and 99 N5F1 mice were examined for the presence of kinky/looped tail ( Table 1 ). The Lrp6 Skax26-Jus p.Ile681Arg mutation showed a recessive mode of inheritance where all wild-type were phenotypically normal and heterozygous and homozygous adult mice had a looped/kinky tail appearance with a variable penetrance ( Table 1 ). In N1F1-N1F4 mice, the penetrance of the looped/ kinky tail was 3% in heterozygotes and 11% in homozygotes. Following four additional backcrosses to129S6SvEvTac, this penetrance increased to 8% in heterozygotes and 53% in homozygotes (Table 1) . To determine whether the Lrp6 p.Ile681Arg mutation can cause an NTD phenotype, as previously reported for other Lrp6 mutations and knockouts (19) (20) (21) 23 ), a total of 30 heterozygous and 47 homozygous E12.5 -E18.5 embryos recovered at N5F1were examined macroscopically for the presence of an NTD and none was found to be affected with this malformation (Table 1 ). (18) . We consequently tested the effect of the variant p.Ile681Arg detected in Lrp6 on this signaling pathway using a TCF/LEF-1-responsive Wnt/ b-catenin reporter assay in mouse embryonic fibroblasts (MEFs) isolated from E13.5 mutant embryos and in mammalian HEK293T cells. Heterozygous and homozygous MEFs showed an increased reporter activity of 1.4× and 3×, respectively, as compared with wild-type fibroblasts (P , 0.05 and P , 0.00001, respectively) ( Fig. 2A) . In HEK293T cells, TCF/ LEF-1 activity was significantly increased to 2× in cells transfected with Lrp6 p.Ile681Arg cDNA as compared with wild-type Lrp6 (P , 0.005) (Fig. 2D) , consistent with results obtained in MEFs. This increased activity of Lrp6 in mutant MEFs or HEK293T cells was not caused by increased protein expression levels ( Fig. 2C and F ). These data demonstrate that the Lrp6 p.Ile681Arg mutant represents a hypermorphic allele that over-activates Wnt canonical b-catenin signaling.
Lrp6 can act also as an inhibitor of the Wnt non-canonical PCP pathway in Xenopus (16, 17) . To determine whether the hyperactive Lrp6 p.Ile681Arg allele will also over-inhibit PCP signaling in mouse, we measured the JNK activity in the presence of Wnt5a in wild-type and mutant MEFs using an JNK-AP-1 reporter assay. In wild-type E13.5 MEFs, Wnt5a-induced JNK activity was increased to 2.5×. This activity reduced by half in Lrp6
Skax26-Jus heterozygous cells and completely absent in Lrp6
Skax26-Jus homozygous cells as compared with wildtype cells (P , 0.05) (Fig. 2B ). These data confirm that Lrp6 p.Ile681Arg in Lrp6 Skax26-Jus represents a novel hypermorphic allele of Lrp6. 
Genetic interaction studies between Lrp6
Skax26-Jus
and Vangl2
Lp
We next tested for genetic interaction between Lrp6
Skax26-Jus and a PCP mutant called Vangl2
Lp that carries a loss of function mutation, p. Ser464Asn, in a core PCP gene called Vangl2 (25) . We crossed Lrp6
Skax26-Jus heterozygous or homozygous mice with Vangl2
Lp heterozygous mice and examined for the presence of NTDs in double heterozygous embryos. Whereas mice heterozygous for either mutation showed no evidence for NTD, 36% of the double heterozygotes exhibited spina bifida (P , 0.001) ( Table 2 , Fig. 3A and B). This genetic interaction was specific, as Vangl2
Lp heterozygotes crossed with wild-type littermates of the Lrp6
Skax26-Jus animals did not produce any progeny with NTDs (Table 2 ). An increase in frequency of kinky/looped tail was also observed in double heterozygotes (80%) as compared with single heterozygotes at either loci (3% in N1 and 8% in N5 in Lrp6
Skax26-Jus /+ and 40% in Vangl2
Lp /+) (P , 0.005) ( Tables 1 and 2) .
PCP signaling also controls the orientation of hair cells in the cochlea of the inner ear (26) . The cochlea has one row of inner hair cells and three rows of outer hair cells, which are interlinked with non-sensory support cells. Each hair cell forms a unique 'V'-shaped stereociliary bundle and all vertices of these hair bundles point toward the periphery of the cochlea. PCP mutants, including Vangl2 Lp /Vangl2
Lp homozygotes, display defects in this planar organization (27, 28 Skax26-Jus /Lrp6 Skax26-Jus , bundle orientation was affected as compared with wild-type controls only in the OHC3 layer of the apical region (x 2 test, P , 0.0001) (Fig. 3C) . In Lrp6
Skax26-Jus /+; Vangl2
Lp /+ double heterozygotes, bundle orientation was severely affected in OHC2 and OHC3 layers at all three regions analyzed except for OHC3 in the middle region of the organ of Corti (x 2 test, P , 0.01 for OHC2 in all regions and OHC3 at the base and P , 0.0001for OHC3 at the apex) (Fig. 3C) Table S1 ). Each of these mutations was detected in a heterozygous state and was private. None of the mutations mapped close to the exon-intron junctions and hence most likely do not affect gene splicing. The ORF and exon-intron junctions of LRP6 were also sequenced in 95 Italian controls, and no novel mutation was detected in this gene in controls.
The variant c.916T.C was detected in a 20-year-old male affected with a severe form of open NTDs called myelomeningocele in the lumbosacral region of the spine (Supplementary Material, Table S1 ). This variant changes a highly conserved Tyr residue in the EGF-like domain 1 into histidine (p.Tyr306His) (Fig. 4) . A tyrosine-to-histidine change is conservative; however, it could introduce a positively charged amino acid at an otherwise neutral hydrophobic position. The variant c.1118A.G was detected in a 15-year-old female affected with lumbosacral myelomeningocele and Chiari malformation II (Supplementary Material, Table S1 ). This variant leads to p.Tyr373Cys in the seventh YWTD b-propeller domain (Fig. 4A ). Tyr373 is highly conserved, and a tyrosine-to-cysteine substitution is not conservative as it introduces a cysteine side chain at this position. The variant c.4157T.G was detected in a 10-year-old female affected with a severe form of closed NTDs called encephalocele at the parietal lobe of the brain. This type of NTDs is characterized by protrusions of the brain through the skull that are sac-like and covered with membranes (29) . The variant c.4157T.G affects a highly conserved valine residue at position 1386 in the transmembrane domain of the protein (Fig. 4) . This leads to a p.Val1386Leu substitution that is conservative as both residues have very similar structures. The variant c.4622G.T was detected in an 11-year-old female affected with a severe form of closed NTDs called caudal agenesis that represents a heterogeneous constellation of anomalies comprising total or partial agenesis of the spinal column, anal imperforation, genital anomalies, bilateral renal dysplasia or aplasia, pulmonary hypoplasia and lower limb abnormalities (12) . This variant changes a highly conserved tyrosine at position 1541 in the cytoplasmic domain of LRP6 between the second and third PPPSP phosphorylation motifs and leads to a non-conservative p.Tyr1541Cys substitution.
Functional validation of LRP6 variants detected in NTD patients
To determine whether any of the four LRP6 variants detected in NTD patients, LRP6
p.Tyr306His , LRP6 canonical and non-canonical pathways, we conducted TCF-responsive Wnt/b-catenin and AP1-responsive JNK reporter assays, respectively, in mammalian cells (HEK293T).
In the presence of Wnt3A, TCF/LEF-1 activity was increased to 6× upon transfection of wild-type LRP6, in agreement with previous studies (Fig. 5A ). In contrast, TCF/LEF-1 activity was significantly decreased in cells transfected with each of the LRP6 p.Tyr306His
, LRP6 p.Tyr373Cys and LRP6 p.Val1386Leu cDNAs, as compared with wild-type Lrp6, suggesting a hypomorphic activity for each of these mutants (P , 0.05) (Fig. 5A) . TCF/LEF-1 activity was not affected in HEK293T cells transfected with the LRP6 p.Tyr1541Cys (Fig. 5A ). Protein expression levels for all LRP6 variants were comparable with the wild-type (Fig. 5B) .
While the function of Lrp6 as inhibitor of PCP signaling was deduced from phenotypic effects of abolishing or overexpressing its activity in Xenopus (16, 17) , how and where exactly it exerts this inhibitory function is not known. We transfected HEK293T with a full-length myc-tagged DVL3 or VANGL2 construct as activators of the PCP pathway in the presence of Wnt5a that was added exogenously. JNK activity was increased to 5.5× and 3.5× upon transfection of DVL3 and VANGL2, respectively, in the presence of Wnt5a. This activation was inhibited upon co-transfection of wild-type LRP6 cDNA in a dose-dependent manner (P , 0.05, at all doses as compared with DVL3 or VANGL2 alone in the presence of Wnt5a) (Fig. 5C ). We next tested the effect of the mouse Lrp6 p.Ile681Arg and the four LRP6 variants detected in human NTDs on their ability to inhibit JNK activation by Wnt5a and DVL3. Co-transfection of the Lrp6 p.Ile681Arg cDNA with DVL3 resulted in a significant increase in its ability to inhibit JNK activation during PCP signaling, confirming its hypermorphic activity (P , 0.05) (Fig. 2E) extracellular ligands, and particularly the region encompassing the third and fourth YWTD b-propeller-EGF-like domains of Lrp6 was demonstrated to interact with Dickkopf1 (Dkk1) (18, 30, 31) . Dkk1 antagonizes Wnt/b-catenin signaling through interactions with Lrp6 and is able to activate the PCP pathway in both Xenopus and zebrafish (32) . The p.Ile681Arg variant in Lrp6 could affect its interaction with Dkk1 or other unknown mediators leading to over-activation of the Wnt pathway and inhibition of the PCP pathway. Additional biochemical and in silico tests are needed to test the potential pathogenic effect of this variant.
All previously studied mouse mutants at Lrp6 except Lrp6
Gw were reported to suffer from severe developmental anomalies in various organs including eye, limb, heart, neural tube and brain (19) (20) (21) 23 The genetic interaction between Lrp6 Skax26-Jus and Vangl2 Lp in neural tube closure and inner ear hair cells' planar polarity provides evidence that both genes function in a common genetic pathway or in two parallel pathways to regulate these developmental processes. Spina bifida was absent from single heterozygotes and was detected in 36% of their double heterozygous littermates. These data show that the mutant kinky/looped tail and NTD phenotypes in Vangl2
Lp caused by diminished PCP signaling were enhanced by a hyperactive Lrp6
Skax26-Jus allele that over-inhibits this pathway. These results also strongly suggest that the tail kink or looping observed in Lrp6
Skax26-Jus heterozygotes is associated with a gain of Lrp6 function as an inhibitor of the Wnt non-canonical PCP pathway because of the Lrp6 p.Ile681Arg mutation, rather than an effect of an increased activation of the Wnt/ b-catenin canonical pathway. Our (34, 35) . On the other hand, Vangl2:Ptk7 (another PCP gene) double heterozygotes develop spina bifida (36) , suggesting that either Lrp6 or PTK7 alleles exert a weaker effect on protein function or the dosage of Lrp6 or Ptk7 is less limiting than that of Scrib1 or Dvl3 or that there may be different genetic modifiers in the various background strains.
Novel rare mutations in LRP6 are associated with human NTDs
We and others have previously demonstrated an important role for PCP signaling in the pathogenesis of NTDs where novel and rare mutations in PCP genes including VANGL1, PK1, FZD6, FUZZY, SCRIBBLE1 and CELSR1 were associated with NTDs in a subset of patients (37) (38) (39) (40) (41) (42) . All these genes are activators of the PCP pathway, and some mutations were hypothesized to be hypomorphic. In this study and for the first time, we demonstrate the presence of rare and novel mutations associated with NTDs (1.4% or 4 in 285 patients) in an inhibitor of the PCP pathway that is LRP6. This frequency of 1.4% of novel potentially pathogenic mutations in LRP6 in NTD patients is very similar to the previously reported mutation frequencies for other PCP genes in NTDs. All four patients were affected with severe forms of open (2 MMC) and closed (1 encephalocele, 1 caudal agenesis) NTDs. As compared with other PCP genes previously associated with NTDs, no LRP6 mutation was detected in the mild forms of closed spinal NTDs. Re-sequencing analysis of LRP6 in a larger cohort is needed to further investigate this observation.
Our results in both Wnt canonical and non-canonical readouts assays are consistent with the hypothesis that LRP6 p.Tyr306His , LRP6
p.Tyr373Cys and LRP6 p.Val1386Leu act as hypomorphs and LRP6 p.Tyr1541Cys acts in Wnt signaling as the wild-type LRP6. The latter is either not pathogenic or it exerts a very mild effect that could not be detected by these reporter assays. Enhanced or diminished PCP signaling was previously demonstrated to cause PCP defects but only in zebrafish and frog models. Our study indicates the importance of a precise regulation of dosage in PCP signaling in neural tube closure in humans.
The molecular impact of these three hypomorphic variants on the function of LRP6 can be deduced from the known function of the specific domains of the protein to which they map. Lrp6 p.Tyr306His and Lrp6 p.Tyr373Cys are located in the first EGF-like domain and in the second propeller domain of LRP6, respectively. The first two YWTD b-propeller-EGF-like domains bind to canonical Wnts and seem to mediate the Wnt-Fz interaction during Wnt canonical signaling (18) . These two domains also bind to the Wise family of proteins, which antagonize Wnt/b-catenin signaling through interactions with Lrp6 (31). LRP6
p.Tyr306His and LRP6 p.Tyr373Cys might alter the interaction of LRP6 with Wnt -Fz negatively or with Wise proteins positively to reduce the Wnt/b-catenin signaling activity and to reciprocally activate the non-canonical PCP pathway. The variant LRP6 p.Val1386Leu maps to the transmembrane domain of LRP6. Leucine is a hydrophobic amino acid possessing similar structure to valine but longer side chain. This mutation was predicted to be possibly damaging with Polyphen despite the fact that it is a substitution to a similar amino acid. Clearly, additional tests are needed to investigate and better define the pathogenic nature of these four LRP6 variants.
Canonical Wnt/b-catenin and non-canonical Wnt/PCP signaling: two antagonistic and highly dosage-sensitive pathways Genetic studies in various animal models demonstrated the existence of a reciprocal antagonism between both Wnt pathways where inhibiting one pathway will simultaneously activate the other one. For example, in zebrafish, maternal loss of wnt5b resulted in ectopic b-catenin signaling and a consequent increase in dorsal cell fates (43, 44) . In Xenopus, knockdown of Lrp6 and its homolog Lrp5 resulted in PCP defects that were rescued by knockdown of non-canonical XWnt5a and XWnt11 (16, 17) . In mouse, knockdown of Lrp6 led to PCP defects including exencephaly and heart defects, which were rescued by loss of Wnt5a, suggesting that these phenotypes could result from noncanonical Wnt gain-of-function (45) . In this study, we identified four mutations in Lrp6 orthologs (one in mouse and three in humans) in NTDs that affected both Wnt pathways in a reciprocal manner, thereby presenting additional evidence for the existence of such dosage-sensitive antagonism between Wnt pathways in neurulation.
LRP5 and LRP6: homologs with a pleiotropic role in human diseases
Mutations in LRP6 gene have been implicated in late-onset Alzheimer's disease and familial coronary artery disease associated with diabetes and osteoporosis syndrome (46, 47) . In this study, we extend the mutational spectrum of LRP6 to another complex trait, NTDs, demonstrating a crucial but pleiotropic role of this gene in developmental diseases. LRP6 has a homologous gene LRP5 that shares 73 and 64% identity in extracellular and intracellular domains, respectively (18) . Lrp5 knockout mice have normal embryogenesis and grow to adulthood but show osteoporosis and some metabolic abnormalities. An allelic series of mouse mutants suggested that Lrp5 and Lrp6 share significant overlapping functions but that Lrp6 plays a more crucial role, at least during embryogenesis (18) . In humans, LRP5 mutations underlie familial osteoporosis, high bone density syndromes and ocular disorders (18) . Interestingly, Lrp5 was also shown to act as a physiologically relevant inhibitor of non-canonical Wnt PCP signaling during Xenopus development in vivo (16) . These studies represent LRP5 as a good candidate gene for human NTDs. Additional molecular genetic studies of LRP5 and LRP6 in human NTD cohorts and animal models are needed to better dissect their roles in normal and abnormal neurulation.
MATERIALS AND METHODS
Maintenance and phenotyping of mice
The Skax26 m1Jus mouse mutant (MGI:3577510) with a looptail phenotype was generated and identified as part of the chromosome 4 balancer mutagenesis screens at the Mouse Mutagenesis and Phenotyping Center for Developmental Defects in Texas Medical Center in Houston (http://www.mouse-genome.bcm. tmc.edu). The study design of the chromosome 4 balancer chromosomes and the mutagenesis screens have been described elsewhere in details (24) . Briefly, mice homozygous for the chromosome 4 balancer chromosome (on a C57BL/ 6BrdTyr2/2 B6-albino genetic background), which could be visually recognized by their dark brown coat because of the presence of tyrosinase and K14-agouti transgenes at the inversion breakpoints, were crossed with ENU-injected C57BL/ 6BrdTyr2/2 (albino) mice. G1 pups that were heterozygous for a potential mutation and the balancer (light brown coat) were backcrossed with balancer homozygotes (dark brown coat). G2 mice that were heterozygous for the inversion (light brown coat) were intercrossed, and the offspring (G3) were analyzed. Skax26 m1Jus was identified as a recessive mouse mutant with a looped tail phenotype in the G3 cross that failed to segregate to chromosome 4. Skax26 m1Jus G3 mutants were archived as frozen sperm and were consequently recovered at The Jackson Laboratory (http://jaxmice.jax.org/services/) by using the Assisted In Vitro Fertilization (AIVF) method with C57BL/6J oocytes. The Skax26 m1Jus mutant stock was generated and maintained by brother-sister matings. For genetic mapping studies, Skax26 m1Jus mutants with a kinked/looped tail phenotype were backcrossed with129S6/SvEv for four consecutive times, and at each outcross, the 'looped' or 'kinked' tail recessive phenotype was recovered by brother -sister intercrosses.
Two Vangl2 Lp /+ males on a mixed A/J:B6 background were obtained from Philippe Gros (McGill University, Montreal, Quebec) and were maintained by crosses to C57BL/6J mice.
Mice were examined macroscopically for the presence of a severely 'kinked' or 'looped' tail. Embryos were recovered at various stages and examined for the presence of NTDs.
The protocol relevant to support this study was approved by the Institutional Committee for Animal Care in Research of the Research Center of Sainte Justine Hospital.
DNA extraction and genotyping
Genomic DNA was extracted from mouse tail or embryonic yolk sac using the EZ-10 Spin Column Animal DNA Mini-Preps kit (BS628, Bio Basic Inc. Canada, ON). Phenotype and genotype were confirmed for all mice included in the study. For the Skax26 m1Jus mice, genotyping was done by PCR amplification using genomic DNA. Exon 9 of Lrp6 (471 bp) was amplified using intronic primers 5 ′ catgaaacaaatatgtcctgctt 3 ′ and 5 ′ tcagtgtgacttcccaccagc 3 ′ . Direct dye terminator sequencing of PCR products was done using Applied Biosystem's 3730xl DNA Analyzer technology. The p.Ile681Arg mutation was also detected by EcoRV digestion on Lrp6-exon9 PCR product and visualized on 2% agarose gel. For the Vangl2 Lp mutation, genotyping was done by PCR amplification on genomic DNA for Vangl2-exon 7 (360 bp) as previously described (48) .
Homozygosity mapping
For genetic mapping studies, a total of 180 SNPs distributed across the genome were selected for genotyping 37 mice (11 N1F1-N1F4, 5N2F1, 2 N3F1 and 19N3F1). These markers were informative for both C57BL/6J; 129S6/SvEvTac strains and average intermarker distance was 13 Mb. Of these, 31 markers failed to genotype. To fine map the Skax26 m1Jus candidate region, additional genotyping of the same 37 mutant mice was done with 19 informative SNPs spanning a 23.4-Mb region defined by rs6200835 and rs30113154 at the telomeric end of chromosome 6. The average intermarker distance was 1.5 Mb. Of these, three failed to genotype. Genotyping was done using the Sequenom iPlex Gold technology at the McGill and Genome Quebec Innovation Center.
Patients and controls
The patients' cohort consisted of 285 Italian patients recruited at the Spina Bifida Center of the Gaslini Hospital in Genoa, Italy. All patients were affected with non-syndromic or isolated NTDs. The distribution of the major NTD forms in this cohort was as follows: 6 cranial closed NTDs (6 encephalocele 
Sequencing analyses
The coding exons of mouse Lrp6 (accession number: NM_008514.4) and LRP6 (accession number: NM_002336.2) were amplified from genomic DNA by PCR using primers flanking the exon -intron junctions. Primers' sequences and PCR conditions are available upon request. Direct dye terminator sequencing of PCR products was carried out using the ABI Prism Big Dye Systems at the McGill and Genome Quebec Innovation Center. Samples were run on ABI 3700 automated sequencer and analyzed using the SeqMan w sequence assembly and SNP discovery software (from DNASTAR w ). Human LRP6 mutations were verified for absence in 275 ethnically matched controls by sequencing analysis and in 3 public databases dbSNP (http://www.ncbi.nlm.nih.gov/snp), the 1000 genome project (http://www.1000genomes.org) and the NHLBI GO Exome Sequencing Project (http://snp.gs.wa shington.edu/EVS/). Novel rare mutations (,1%) were confirmed in a second round of sequencing of the original DNA sample. For novel missense mutations absent in controls and in public databases, their effect on the protein was predicted in silico using the PolyPhen (Polymorphism Phenotyping; http ://genetics.bwh.harvard.edu/pph/) and SIFT (Sorting Intolerant From Tolerant; http://sift.jcvi.org/) programs. Multiple alignments of orthologous Lrp6 proteins were done using ClustalW.
Cochlear immunohistochemistry and analysis of stereociliary bundle orientation
Cochlea from E18.5 embryos were isolated under microscope and flat mounted, then fixed in 4% paraformaldehyde for 1 h at room temperature and washed 3× in phosphate-buffered saline (PBS). Immunohistochemical staining was done as previously described. At least 30 cells for each row at the apical, middle or basal region of the organ of Corti were used for quantification per sample. To determine stereociliary bundle orientation, a line was drawn through the middle of the 'V'-shaped stereocilia (bisecting line). The angle formed between this line and the line parallel to the mediolateral axis was used for quantifications. In wild-type animals, this angle is close to 0 degrees. Stereocilia with a deviation from normal of .308 were considered to be misoriented. For statistical analysis, the x 2 test was used to compare the distributions of the various subgroups of hair cells.
Preparation of cell lysates and immunoblot analysis
After 48 h in culture, cells were rinsed in ice-cold PBS and collected in cold lysis RIPA buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1% Triton X-100, 1% Sodium deoxycholate, 0.1% SDS, 1 mM EDTA) supplemented with protease inhibitors and spun at 13 000 g at 4C for 15 min. Protein concentrations of the supernatant were determined using the bicinchoninic acid assay. Endogenous Lrp6 in MEFS was detected using phospho-specific LRP6 antibodies to the A site (S1490) obtained from Cell Signaling Technology (catalog number 2568) and the VSVG-tagged hLRP6 in HEK293T cells using polyclonal anti-VSVG antibody obtained from Sigma -Aldrich Corporation ( catalog number V4888). b-actin antibody was from NOVUS Biologicals, LLC ( catalog number NB600-501); secondary antibody to mouse (catalog number ab6789) and to rabbit (catalog number ab6721) were obtained from abcam.
Cell cultures and cDNA expression constructs All cells were cultured in Dulbecco's Modified Eagle's medium with 10% FBS and 1% antibiotic and antimycotic cocktail. The L cells that produce Wnt3a were a generous gift from Dr. Sylvain Chemtob and those producing Wnt5a from Nicolas Pilon. To collect the conditioned medium (CM) (Wnt3a or Wnt5a) from cultures of Wnt3a/5a-producing L cells, we seeded these cells at a density of 1 × 10 6 cells in a 94-mm dish containing a 1:1 mixture of DMEM and HAM F12 supplemented with 10% FCS and cultured them for 4 days. Then, CM was harvested, centrifuged at 1000 g for 10 min, and filtered through a nitrocellulose membrane.
The pTOPFLASH (pGL3) vector was a generous gift from Nicolas Pilon. The pCS2-VSVG-tagged wild-type LRP6 vector was kindly provided by Dr. Xi He. Mouse Lrp6, human DVL3 and human VANGL2 constructs were subcloned into the pCDNA3.1 Myc/His A and pCS2+ expression vectors, respectively, the SLIC method (49) . Site-directed mutagenesis was performed using the PfuTurbo w DNA Polymerase (Stratagene) as directed. Primers used for cloning and for site directed mutagenesis are provided upon request.
TCF/LEF-1-responsive Wnt/b-catenin-and JNK-AP-1-dependent reporter assays All mammalian cell transfections in HEK293T cells were done using either Lipofectamine w 2000 Transfection Reagent or Polyethylenimine and were performed in triplicates. For the Lef/Tcf reporter assay, HEK293T cells were transfected with [50 ng TOPFLASH /pGL3-OT, 10 ng pRL-TK and 100 ng of wild-type or mutant LRP6 constructs or pCS2 vector alone as control] per well in 24-well plates. Following transfection, cells were grown in DMEM/10%FBS overnight and in Wnt3a-enriched medium for another overnight before measuring the TCF/LEF-1 activity.
For the JNK-AP-1 reporter assay, HEK293T cells were transfected with a total of [50 ng TOPFLASH /pAP1-Luc, 100 ng DVL3 or 500 ng VANGL2, 10 ng pRL-TK and increasing amounts (100 -500 ng) of LRP6 constructs or pCS2 empty vector control] per well in 24-well plates. For functional validation of LRP6 mutations, HEK293T cells were transfected with [100 ng pAP1-Luc, 10 ng TK-Renilla and 100 ng of DVL3 constructs alone or with 500 ng LRP6 wild-type or empty pCS2 vector alone as control] DNA per well in 24-well plates. The assay was performed using the PathDetect Kit (Stratagene) according to manufacturer's instructions (catalog number 219074-51).
MEFs were prepared from N5F1 embryos at E13.5 using standard procedures and were transfected with 10 mg reporter vector (pGL3-OT or pAP1-Luc) and 5 mg pRL-TK/60-mm dish by electroporation and incubated overnight in DMEM/10%FBS and another overnight in Wnt5a-or Wnt3a-conditioned medium.
pRL-TK (Promega, catalog number E224A), which encodes a Renilla luciferase gene downstream of a minimal HSV-TK promoter, was included in each transfection to control for transfection efficiency. Dual luciferase reporter assays were performed as described by the manufacturer (Promega, catalog number E1960).
Statistical analysis
Two-tailed Fisher's exact test was used for statistical analysis of genetic interaction data between Lrp6
Skax26-Jus and Vangl2 Lp . All reporter activity experiments were carried out at least three times. Data were represented as mean + SE. Significance of differences between two groups was tested either by x 2 test or Student's t-test. A P value of ,0.05 was considered as significant.
